We have made a conceptual des ign of a cold-bore
Introduction
It is natural to consider a cold-bore vacuum system for storage rings constructed with superconduct ing magnets.
The continuously-distributed cryopumping may result in reduced aperture requirements, an improved packing factor in the machine lattice, and lower costs than a conventional vacuum system. Since beam for POPAE will be injected at the desired energy, there is no need for acceleration, so there are no heat loads from the accelerated bunched beam or from eddy currents, and the cold-bore system is very attractive.
The vacuum requirements of proton storage rings are determined primarily by the need to (a) avoid the beam-induced pressure rise observed at the CERN ISR, (b) clear trapped electrons and negative ions, and (c) provide low enough pressure so that backgrounds from beam-gas interactions can be tolerated by the exper iments.
To meet these requirements, the presently designed system will use 6-cm ID aluminum vacuum chambers, operating at 4.50K in the curved sections and at room temperature in the long stjaight sections.
There will be a pressure of 10 Torr in the interacti'op regions, while the cold-bore pressure will be < 10- This electrode will operate at a potential of up to 15 kV, while the bore tube itself will form the ground electrode. This potent3ial is sufficient to keep the tune shift to 10 Surface Treatment and Bake-out Of major importance is the proper processing of materials which go into the vacuum system. Experimental results 03 show that the following steps lead to acceptable outgassing rates: 1) Chemically polish all materials 2) Bake to 150 C in a vacuum furnace at 10-Torr 3) Glow discharge in argon and oxygen 4) Bake-out after assembly at 1500
In situ bake-out will be accomplished by flowing hot gas through the magnets.
This treatment is expected to result ln an outgassing rate at room temperature of 4 x 10-1 Torr -Q cmr s-1 with a residual gas composition of 99%
hydrogen. As the curved-lattice section is cooled to 4.5°K, the outgassing rate in the cold-bore section goes essentially to zero.
Surface Phenomena
There have ieqn numerous arguments for and against cold bore.40 One of these is related to the beam-induced pressure r ise, or "pressure bump phenomenon" observed at the CERN ISR. This effect is caused by residual gas ions being accelerated into the vacuum chamber wall by the electrostatic potential of the stored beam. This liberates adsorbed molecules and raises the chamber pressure, which in turn results in more ions being generated. At a critical current, Icr itt the effect runs away and leads to a local pressure bump which destroys the beam.
For the geometry of POPAE with a cold-bore vacuum system, the Fischer equation predicts7v
,n Icrit 8 x 104A.
The desorption coefficient Il (number of atoms released per incident ion) depends on the mass and energy of the ionized residual gas atoms, as well as the surface conditions. In POPAE, the only important residual gas is expected to be hydrogen, and the beam-to-wall potential will be approximately 500 V, so the bombarding ions will be 0.5 keV protons.
Erents and McCracken9 have studied the desorption of various gases condensed on a coppper surface at liquid-helium temperature. Using 5 and 20 keV protons, they showed that the desorption coefficient is independent of the thickness of surface coverage if thf coverage is thicker than one monolayer (-3 x 10f5 molecules/cm2), but decreases with thinner coverage. This trend was true for all gases studied. For hydrogen, which has the largest yield, they found that for a thickness of a few monolayers X b 5 x 104 atoms/ion, while for coverage of one-tenth of a monolayer, X -400 to 2000 atoms/ion, depending on the experimental conditions.
The authors have interpreted their results in terms of a thermal-spike model, although the model could not explain all aspects of the experimental results. According to the thermal-spike model, the incident proton will go through the thin layer of hydrogen, and most of its energy will be deposited in the metal substrate, generating a thermal spike in the substrate.
From the energy-range relation and the range straggling of protons of a few keV in copper, one can calculate the radius of the thermal spike. The energy of the incident proton will be given partly to the lattice of the substrate and partly to the orbital electrons. Because the mean free path for electrons at these temperatures is very long, the energy transferred to the electrons will be dissipated over a large volume and only give a small temperature rise. Therefore, the model considers only energy given directly to the lattice by the incident proton. For The true value will likely be considerably larger, and this effect should be negligible in the cold bore.
Experience at the CERN ISR shows that with care the warm sections of the machine should not encounter pressure-bump problems for beams of up to a few tens of amperes. In the transition section between warm and cold sections, where one expects high concentrations of condensed residual gas, the cryosorbing surface will be hidden behind baffles, and the beam-induced ions will not reach the condensed gas.
There has been some speculation that water vapor frozen on the chamber surface may release hydrogen molecules when bombarded by ions.
A study of hydrogen released from frozen water and hydrocarbons by ion bombardment shows the yield will be negligible in POPAE.
As an example, we have considered a pessimistic case in which the surface is covered with a monolayer of ice. Ghormley The actual yield probably will be even less, because such a slow proton would lose most of its energy to excitation of orbital electrons rather than ionization of the water molecules.11 Since the G-values of the hydrocarbons and water are comparable, a similar conclusion can be drawn for hydrocarbons.
We therefore expect no signif icant release of hydrogen from ion bombardment.
Mechanical Deslgn of the Cold-Bore Region
In this region, care must be taken to avoid helium leaks into the ultrahigh vacuum system. As shown in Fig. 1 , the bore tube in each magnet is a thick monolithic structure which extends sufficiently far into the transition region between magnets that there is no weld between the helium region and the inner vacuum system.
For helium to leak into the ultrahigh vacuum, it must either penetrate the integral seamless aluminum structure or go through two welds separated by the insulating vacuum.
Since t1he insulating vacuum will be cryopumped by some 300 cm' of cryosorption material in each transition region, it is extremely unlikely that significant amounts of helium (or other gases) will penetrate into the ultrahigh vacuum.
Between magnets the inner tube containing the ultrahigh vacuum is formed by a stainless-steel tube and stainless-steel bellows, welded at each end to an Al-SS bonded transition piece. It contains a bellows shield to reduce the impedance seen by the beam, a ceramic insert for the clearing electrodes, and a welded can containing a baffled titanium sublimation pump. This unit will be prefabricated, then leak checked and temperature cycled between 1500C and 4.50K. Only one aluminum weld per magnet will be required on the inner tube during field assembly.
A heat shield at 900K surrounds the outer vacuum so that between magnets the region both inside as well as outside the inner tube will be cryopumped. At 4.50K, there should be a completely negligible leak rate from outer to inner system through any coponent of the inner tube. On the warm-bore side of the cryopurp will be a sector valve, the roughing and turbo-molecular pumps, a second sector valve, and a fast-acting flapper valve capable of closing within 20 ms after a vacuum failure. The cold connections will be welded, while those at room temperature will be flanged. The warmbore regions will be maintained at 10-11 Tbrr by pumping stations every 5 m.
Pumpdown Procedure
Leak checking and assembly will proceed one sector (one-twelfth of the rings) at a time. After assembly, the sector will be roughed down to 10 Tbrr with the roughing and turbo-molecular pumps at each end.
The insulating vacuum system surrounding the inner bore tube will also be rou,hed down. For in situ bake-out, helium gas at 150 C will be passed through the magnet system in place of the usual liquid helium. Pumping will continue from the ends during this tibe, and as the pressure near the pumps drops to the 10 ¶Torr level, the closest sublimation pump will be activated. As the pressure drops along the length of the sector, succeeding pumpi will be turned on and the pressure will drop to 10 Torr. Then 
